The structure of the lignin in wheat straw has been investigated by a combination of analytical pyrolysis, 2D-NMR, and derivatization followed by reductive cleavage (DFRC). It is a p-hydroxyphenyl-guaiacyl-syringyl lignin (with an H:G:S ratio of 6:64:30) associated with p-coumarates and ferulates. 2D-NMR indicated that the main substructures present are β-O-4′-ethers (∼75%), followed by phenylcoumarans (∼11%), with lower amounts of other typical units. A major new finding is that the flavone tricin is apparently incorporated into the lignins. NMR and DFRC indicated that the lignin is partially acylated (∼10%) at the γ-carbon, predominantly with acetates that preferentially acylate guaiacyl (12%) rather than syringyl (1%) units; in dicots, acetylation is predominantly on syringyl units. p-Coumarate esters were barely detectable (<1%) on monomer conjugates released by selectively cleaving β-ethers in DFRC, indicating that they might be preferentially involved in condensed or terminal structures. KEYWORDS: wheat straw, Py-GC/MS, TMAH, HSQC, DFRC, milled wood lignin, p-coumarate, ferulate, coniferyl acetate, tricin
■ INTRODUCTION
Energy consumption has increased gradually over the last decades as the world population has grown and more countries have become industrialized. Crude oil has been the major resource used to meet the increased energy demand. However, concerns about declining of energy resources and the need to mitigate green-house gas emissions and decrease our dependency on fossil fuel reserves have focused attention on the use of plant biomass as a source for the production of biofuels and/or bioproducts. 1 The first generation of biofuel feedstocks included sugar cane and cereal grains. Bioconversion of such crops to biofuels, however, competes with food production for land and has a considerable effect on food and feed prices. A promising alternative for second generation biofuels will come from cultivated lignocellulosic crops or agricultural wastes, which are available in high amounts at relatively low cost and could be a widely available and relatively inexpensive source for biofuels and/or bioproducts. Therefore, increasing attention is being paid to the use of lignocellulosic biomass as a renewable feedstock for the above industrial uses. 2−4 Common lignocellulosic feedstocks considered for second generation biofuel production include woods (e.g., poplar or eucalyptus), perennial energy crops (e.g., switchgrass or Miscanthus species), and agricultural wastes (e.g., corn stover or cereal straws). Among them, wheat straw has the greatest potential of all agricultural residues because of its wide availability and low cost. 4, 5 Wheat straw is an abundant byproduct from wheat production in many countries. The average yield of wheat straw is 1.3−1.4 kg/kg of wheat grain, with a world production of wheat estimated to be around 680 million tons in 2011. Wheat straw contains 35−45% cellulose, 20−30% hemicelluloses, and around 15% lignin, which makes it an attractive feedstock to be converted to ethanol and other value-added products.
The conversion of lignocellulosic biomass to bioethanol involves saccharification of carbohydrates to fermentable reducing sugars via hydrolysis and then fermentation of these free sugars to ethanol. However, the presence of lignin, a complex and amorphous polymer playing a major structural role in vascular plants, limits the accessibility of enzymes to cellulose, thus reducing the efficiency of the hydrolysis. 1, 6 Pretreatment of lignocellulosic materials to remove or modify the lignin is therefore needed to enhance the hydrolysis of carbohydrates. 7, 8 The efficiency of pretreatment methods is highly dependent on the lignin structure, and hence a knowledge of the structure of the lignin polymer in different plant species is important to develop appropriate pretreatment methods for lignin modification and/ or removal.
Lignin is a complex macromolecule synthesized by chemical polymerization of three main precursors, p-coumaryl (4-hydroxycinnamyl), coniferyl (4-hydroxy-3-methoxycinnamyl), and sinapyl (3,5-dimethoxy-4-hydroxycinnamyl) alcohols, via enzymatically generated radicals. 9 These monolignols produce the p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) phenylpropanoid lignin units when incorporated into the lignin polymer, units which are linked by several types of C−C or ether bonds. The lignin composition depends on the botanical origin. Thus hardwood lignins are composed of S and G units in varying ratios, softwood lignin is composed of G units and small amounts of H units, and grass lignins include the three units (with H-units still comparatively minor), making its structure apparently more complex. Additionally, p-hydroxycinnamates (p-coumarates and ferulates) also widely occur in the structure of grass lignins, with p-coumarates mostly acylating the γ-OH of the lignin side chain, whereas ferulates and diferulates acylate cell wall polysaccharides and participate in both polysaccharide−polysaccharide and lignin−polysaccharide cross-coupling reactions, in the latter case becoming integrally bound into the lignin polymer. 10 The composition and structure of the lignin in wheat straw has been a matter of study for many years. 11−17 In this paper, a more in-depth and complete characterization of the lignin of wheat straw has been performed by the use of an array of analytical techniques, including Py-GC/MS (in the absence and in the presence of tetramethylammonium hydroxide, TMAH, as transesterification and methylating agent), 2D-NMR, and derivatization followed by reductive cleavage (DFRC), and important discrepancies with the data reported in previous papers have been found. In this work, lignin was also isolated from wheat straw according to the classical procedure of Bjorkman, 18 to complement the analyses performed on whole lignocellulosic material. A knowledge of the composition and structure of wheat straw lignin will help to maximize the exploitation of this important agricultural waste as a feedstock for biofuels and other biorefinery products.
■ MATERIALS AND METHODS
Samples. Wheat straw (Triticum durum var. Carioca) was harvested from an experimental field in Seville (South Spain) in June 2009. Wheat straw was air-dried, and the dried samples were milled using a knife mill (1 mm screen) and successively extracted with acetone (200 mL) in a Soxhlet apparatus for 8 h (at which time the extracting solvent was clear and extractive-free) and hot water (100 mL, 3 h at 100°C). Klason lignin content was estimated as the residue after sulfuric acid hydrolysis of the pre-extracted material, corrected for ash and protein content, according to the TAPPI method T222 om-88. 19 The acid-soluble lignin was determined, after the insoluble lignin was filtered off, by UVspectroscopic determination at 205 nm wavelength using 110 L cm −1 g −1 as the extinction coefficient. Holocellulose was isolated from the preextracted fibers by delignification for 4 h using the acid chlorite method. 20 The α-cellulose content was determined by removing the hemicelluloses from the holocellulose by alkali extraction. 20 Ash content was estimated as the residue after 6 h of heating at 575°C. Three replicates were used for each sample.
"Milled-Wood Lignin" (MWL) Isolation. The wheat straw MWL was obtained according to the classical method, 18 from extractive-free wheat straw. The experimental procedure has been explained in detail in previous papers. 21 The final yield was ∼20% based on the Klason lignin content of the original material.
Gel Permeation Chromatography (GPC). GPC of the isolated MWL was performed on a Shimadzu LC-20A liquid chromatography system (Shimadzu, Kyoto, Japan) equipped with a photodiode array detector (SPD-M20A; Shimadzu) using the following conditions: TSK gel α-M + α-2500 (Tosoh, Tokyo, Japan) column; 0.1 M LiBr in dimethylformamide (DMF) eluent; 0.5 mL min −1 flow rate; 40°C column oven temperature; and 280 nm sample detection. The data acquisition and computation used LCsolution version 1.25 software (Shimadzu). The molecular weight calibration was via polystyrene standards.
Analytical Pyrolysis. Pyrolysis of wheat straw and the isolated MWL (approximately 100 μg) were performed with a 2020 microfurnace pyrolyzer (Frontier Laboratories Ltd.) connected to an Agilent 6890 GC/MS system equipped with a DB-1701 fused-silica capillary column (30 m × 0.25 mm i.d., 0.25 μm film thickness) and an Agilent 5973 mass selective detector (EI at 70 eV). The pyrolysis was performed at 500°C. The GC oven temperature was programmed from 50°C (1 min) to 100 at 30°C min −1 and then to 290°C (10 min) at 6°C min −1 . Helium was the carrier gas (1 mL min −1 ). For Py/TMAH, 100 μg of sample was mixed with approximately 0.5 μL of TMAH (25%, w/w, in methanol), and the pyrolysis was carried out as described above. The compounds were identified by comparing their mass spectra with those of the Wiley and NIST libraries and those reported in the literature. 22, 23 Peak molar areas were calculated for the lignin-degradation products, the summed areas were normalized, and the data for two repetitive analyses were averaged and expressed as percentages.
NMR Spectroscopy. For NMR of the whole cell wall material, around 100 mg of finely divided (ball-milled) extractive-free samples was swollen in 0.75 mL of DMSO-d 6 according to the method previously described. 24, 25 In the case of the MWL, around 40 mg was dissolved in 0.75 mL of DMSO-d 6 . NMR spectra were recorded at 25°C on a Bruker AVANCE III 500 MHz instrument equipped with a cryogenically cooled 5 mm TCI gradient probe with inverse geometry (proton coils closest to the sample). HSQC (heteronuclear single quantum coherence) experiments used Bruker's "hsqcetgpsisp2.2" pulse program (adiabatic-pulsed version) with spectral widths of 5000 Hz (from 10 to 0 ppm) and 20,843 Hz (from 165 to 0 ppm) for the 1 H-and 13 Cdimensions. The number of collected complex points was 2048 for the 1 H-dimension with a recycle delay of 1.5 s. The number of transients was 64, and 256 time increments were always recorded in the 13 Cdimension. The 1 J CH used was 145 Hz. Processing used typical matched Gaussian apodization in the 1 H dimension and squared cosine-bell apodization in the 13 C dimension. Prior to Fourier transformation, the data matrixes were zero-filled up to 1024 points in the 13 C-dimension. The central solvent peak was used as an internal reference (δ C 39.5; δ H 2.49). Long range J-coupling evolution times of 66 and 80 ms were used in different heteronuclear multiple bond correlation (HMBC) acquisition experiments. HSQC correlation peaks were assigned by comparing with the literature. 26−35 A semiquantitative analysis 24, 34, 35 of the volume integrals (uncorrected) of the HSQC correlation peaks was performed using Bruker's Topspin 2.1 (Windows) or Topspin 3.1 (Mac) processing software. In the aliphatic oxygenated region, the relative abundances of side chains involved in the various interunit linkages were estimated from the C α −H α correlations to avoid possible interference from homonuclear 1 H− 1 H couplings, except for substructures A ox and I, for which C β −H β and C γ −H γ correlations had to be used. In the aromatic/unsaturated region, C 2 −H 2 correlations from H, G, and S lignin units and from p-coumarate and ferulate were used to estimate their relative abundances. Note that p-coumarate and ferulate quantitation relative to the lignin is overestimated due to the longer relaxation times of these end-units compared to the rapidly relaxing polymer and the more extensive relaxation the latter experiences during the significant duration of the pulse experiment itself. DFRC (Derivatization Followed by Reductive Cleavage). DFRC degradation was performed according to the developed protocol. 36−38 Lignins (10 mg) were stirred for 2 h at 50°C with acetyl bromide in acetic acid (8:92, v/v). The solvents and excess acetyl bromide were removed by rotary evaporation at reduced pressure. The products were then dissolved in dioxane/acetic acid/water (5:4:1, v/v/ v), and 50 mg of powdered Zn was added. After 40 min stirring at room temperature, the mixture was transferred into a separatory funnel with dichloromethane and saturated ammonium chloride. The pH of the aqueous phase was adjusted to less than 3 by adding 3% aqueous HCl, the mixture vigorously mixed, and the organic layer separated. The water phase was extracted twice more with dichloromethane. The combined dichloromethane fractions were dried over anhydrous Na 2 SO 4 , and the filtrate was evaporated on a rotary evaporator. The residue was acetylated for 1 h in 1.1 mL of dichloromethane containing 0.2 mL of acetic anhydride and 0.2 mL of pyridine. The acetylated lignin degradation products were collected after rotary evaporation of the solvents, and subsequently analyzed by GC/MS. To assess the presence of naturally acetylated lignin units, the described modification of the standard DFRC method using propionylating instead of acetylating reagents (DFRC′), as previously published, 31, 39, 40 was used. GC/MS analyses were performed with a GCMS-QP2010plus instrument (Shimadzu Co.) using a capillary column (SHR5XLB 30 m × 0.25 mm i.d., 0.25 μm film thickness). The oven was heated from 140°C (1 min) to 250 at 3°C min −1 , then ramped at 10°C min −1 to 280°C (1 min) and finally ramped at 20°C min −1 to 300°C, and held for 18 min at the final temperature. The injector was set at 250°C, and the transfer line was kept at 310°C. Helium was used as the carrier gas at a rate of 1 mL min −1 . Quantitation of the released individual monomers was performed using 4,4′-ethylenebisphenol as internal standard. Molar yields were calculated on the basis of molecular weights of the respective acetylated and/or propionylated compounds.
■ RESULTS AND DISCUSSION
The relative abundances of the main constituents of wheat straw (water-soluble material, acetone extractives, Klason lignin, acid soluble lignin, hemicelluloses, cellulose, and ash) are presented in Table 1 . The lignin content (16.2% Klason lignin), as well as the content of the other main constituents (i.e., cellulose, hemicelluloses, etc.), agrees well with the data reported in previous papers. 13, 14, 41, 42 In this work, we have analyzed in detail the structural characteristics of the lignin polymer in wheat straw. For this, we analyzed first the composition of the lignin in situ by Py-GC/MS (both in the absence and in the presence of TMAH), and 2D-NMR. Then, for a more detailed structural characterization, the lignin (often termed a "milled wood lignin" or MWL) was isolated by aqueous dioxane extraction from finely ballmilled wheat straw according to the classical lignin isolation procedure. 18 Molecular Weight Distribution of Wheat Straw MWL. The values of the weight-average (M w ) and number-average (M n ) molecular weights were estimated from the GPC curves (relative values related to polystyrene standards). The MWL exhibited a weight-average (M w ) molecular weight of 4210 g mol −1 and a number-average (M n ) molecular weight of 1850. In addition, the MWL exhibited relatively narrow polydispersity, with M w /M n of 2.27. The M w value is comparable to, or even slightly higher than, values previously reported for the lignin in wheat straw. 14, 42 Py-GC/MS of Wheat Straw and Its Isolated MWL. The chemical composition of the lignin in wheat straw was analyzed in situ, without prior isolation, by Py-GC/MS. In addition, the isolated MWL was also analyzed by Py-GC/MS. The pyrograms of wheat straw and its isolated MWL are shown in Figure 1 . The identities and relative abundances of the lignin-derived compounds released are listed in Table 2 .
Pyrolysis of wheat straw (Figure 1a ) released compounds derived from the carbohydrate, lignin, and p-hydroxycinnamate moieties. p-Hydroxycinnamates, in addition to being the precursors of monolignols, are widely present as such in herbaceous plants 10,13,43−46 and efficiently produce upon pyrolysis similar compounds as those derived from lignin, such as 4-vinylphenol (from p-coumarates) and 4-vinylguaiacol (from ferulates), which will overestimate the composition of the H-and G-lignin units and affect the calculation of the S/G ratio unless they are left out of the calculation. 21 The important amounts of 4-vinylphenol (∼17% of all phenolic compounds) and 4-vinylguaiacol (∼28% of all phenolic compounds) released upon pyrolysis from wheat straw indicate the presence of pcoumarates and ferulates in this sample, as will be shown below. It is obvious then that these vinyl compounds cannot be used for the estimation of the lignin H:G:S composition upon Py-GC/ MS, as the major part of them do not arise from the core lignin structural units but from p-hydroxycinnamates. An estimation of the S/G ratio of the lignin in wheat straw was, however, performed by ignoring 4-vinylguaiacol (and the analogous 4-vinylsyringol) and revealed a value of 0.5 ( Table 2) . Pyrolysis of the MWL isolated from wheat straw ( Figure 1b ) released a similar distribution of cinnamate and lignin-derived compounds, except for the relatively lower abundance of 4-vinylguaiacol (10), which is still the most predominant compound in the pyrogram of MWL, and the much higher abundance of 4-methylguaiacol (6). The S/G ratio of the MWL (estimated as above, by ignoring the 4-vinylguaiacol and its analogous 4-vinylsyringol) is similar to that observed in the whole cell walls (S/G 0.5). These results confirm that the lignin in wheat straw is an H:G:S lignin, in agreement with other papers, 11, 13, 14, 16, 39 but in sharp contrast with the results from Banoub et al., 15 which indicated the complete absence of S-lignin units in the lignin of wheat straw.
The occurrence of p-hydroxycinnamates in the cell walls of wheat straw, as well as in the isolated MWL, was assessed by pyrolysis in the presence of TMAH, 21, 46, 47 as shown in Figure 2 . The identities of the compounds released and their relative abundances are listed in Table 3 . Py/TMAH induces cleavage of the β-O-4-ether bonds in the lignin and released products similar to those obtained upon CuO alkaline degradation, 41 including methylated aldehydes (peaks 6, 12, and 19), ketones (peaks 15 and 24), and acids (peaks 10, 17, and 26). 21, 46, 47 Py/TMAH also induces transesterification of the p-hydroxycinnamate esters, and breakdown of ether linkages at C 4 , with subsequent methylation of the phenolic hydroxyl groups. 21, 46, 47 As seen in Figure 2 , Py/ TMAH of wheat straw released important amounts (over 15% of total peak areas) of the dimethyl derivative of p-coumaric acid (peak 25), as well as similar amounts (13% of total peak area) of the methyl derivative of ferulic acid (peak 30). In addition to the trans-forms, minor amounts of the cis-isomers (peaks 18 and 28) were also identified. An estimation of the S/G ratio can now be performed with fewer restrictions than in the case of conventional pyrolysis because the compounds derived from lignin and p-hydroxycinnamates are now clearly differentiated ( Table 3) . The value was similar in the cell walls and the MWL (S/G 0.5) samples, and was also similar to that estimated by Py-GC/MS (by ignoring 4-vinylguaiacol and 4-vinylsyringol). The relative abundances of p-hydroxycinnamates (p-coumarate/ferulate b All G-and S-derived peaks were used for the estimation of the S/G ratio, except 4-vinylguaiacol (which also arises from ferulates), and the analogous 4-vinylsyringol. ratio) present in wheat straw and the isolated MWL, estimated by Py/TMAH (Table 3) , revealed additional features. Both pcoumarate and ferulate are present in the whole cell walls of wheat straw in similar abundances, whereas in the isolated MWL p-coumarate was released in higher relative abundance (∼22% of the Py/TMAH products analyzed) than ferulate (∼4%). These data, therefore, indicate that ferulate is mostly attached to carbohydrates while p-coumarate is predominantly attached to the lignin polymer. Previous studies have indicated that the bulk of p-coumarate in wheat straw is esterified to the lignin side chains 13 and, more specifically, acylates the γ-OH of the lignin side chain, 11 as established for other grasses. 26 Ferulates, on the other hand, have previously been supposed to be mostly etherified at the α-and β-carbons contributing to lignin− carbohydrate bridges. 48 Recent studies have concluded that ferulates are an intrinsic part of the lignin structure in grasses, participating in coupling and cross-coupling reactions with other monolignols.
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2D-NMR of Wheat Straw and Its Isolated MWL. In order to obtain additional information on the structure of the lignin, the whole cell walls of wheat straw were analyzed in situ by gel state 2D-NMR, according to the method previously described, 24, 25 and the spectrum was compared with that of the isolated MWL. The acetylated MWL was also analyzed by HSQC (not shown) to confirm the assignments of the correlation peaks.
The side-chain (δ C /δ H 50−90/2.5−5.8) and the aromatic/ unsaturated (δ C /δ H 90−155/6.0−8.0) regions of the HSQC NMR spectra of the whole cell walls from wheat straw, and its isolated MWL, are shown in Figure 3 . Polysaccharide signals, dominated by hemicellulose correlations as cellulose signals are hardly detectable in the gel state, 24 were predominant in the spectrum of the whole cell walls, including xylan correlations in the range δ C /δ H 60−85/2.5−5.5 (for X 2 , X 3 , X 4 , and X 5 ), which partially overlapped with some lignin signals, and signals from natively acetylated xylan moieties (X′ 2 and X′ 3 ). Lignin signals could also be clearly observed in the HSQC spectrum of the whole cell walls, despite its moderate lignin content (16.2% Klason lignin). On the other hand, the spectrum of the MWL presented mostly lignin signals that, in general terms, matched those observed in the HSQC spectrum of the whole cell walls, but improved the detection of more minor lignin structures. The main lignin correlation peaks assigned in the HSQC spectra are listed in Table 4 , and the main substructures found are depicted in Figure 4 .
Interunit Linkage Characterization. The aliphatic-oxygenated region of the spectra (Figure 3, top) gave information about the different interunit linkages present in the lignin. In this region, correlation peaks from methoxyls and side chains in β-O-4′ substructures (A) were the most prominent in the HSQC spectra of the whole cell walls and the isolated MWL. Other substructures were more clearly visible in the HSQC spectrum of the MWL, including signals for phenylcoumarans (B), resinols (C), dibenzodioxocins (D), and spirodienones (F). Minor amounts of α,β-diaryl ether substructures (E) could also be detected in the HSQC of the MWL, as revealed by the C α −H α correlation at δ C /δ H 79.5/5.50, although they were not detected in previous works. 11 It is important to note that α,β-diaryl ether linkages are usually either undetectable or present at very low levels, although significant amounts have been found to occur in tobacco lignin. 49 p-Hydroxycinnamates, particularly ferulates, have been claimed to be etherified at the benzyl (α) position of the lignin side chain. 12 However, the α-hydroxycinnamate ethers are shifted from this position, indicating that only normal lignin α-ethers can be detected and that α-etherification by hydroxycinnamates is insignificant.
Lignin Acylation. The HSQC spectrum of the isolated wheat straw MWL also readily reveals the presence of characteristic signals corresponding to the C γ −H γ correlations of γ-acylated β-O-4′ (A′) and other structures in the range from δ C /δ H 63.5/3.83 and ∼4.30. Signals for α-acylated β-O-4′ substructures, which should appear at ∼6.1/75 ppm, were not observed in the spectrum. Therefore, it is possible to conclude that the lignin of wheat straw is partially acylated and that this acylation occurs exclusively at the γ-position of the lignin side chain, as already observed in this and other grasses. 11, 21, 26 In addition, a signal for the C β −H β correlations of γ-acylated β-O-4′ substructures linked to a G-unit (A′ β(G) ) is clearly observed at δ C /δ H 80.8/4.52, 21 indicating an important acylation extent of G-lignin units in this lignin, as will be discussed below. An estimate of ∼10% for the percentage of γ-acylation of lignin side chains was calculated by integration of the C γ -H γ correlation peaks corresponding to the hydroxylated (A γ ) and acylated (A′ γ ) substructures in the HSQC spectrum of the isolated MWL (Table 5) .
Lignin Aromatic/Unsaturated Components. The main correlation peaks in the aromatic/unsaturated region of the HSQC spectra (Figure 3, bottom) corresponded to the aromatic rings and unsaturated side chains of the different lignin units and hydroxycinnamates (plus one "new" feature, to be described below). Signals from p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units were observed almost equivalently in the spectra of the whole cell walls and in the isolated MWL, due to this region's being purely derived from such structures (and completely free of the polysaccharide correlations that can overwhelm other regions of the spectrum). In addition, as is typical in spectra from grasses, prominent signals corresponding to p-coumarate (PCA) and ferulate (FA) structures were also observed. HSQC analysis of the acetylated MWL (not shown) indicated that the p-coumarate phenol is free, not etherified. Therefore, p-coumarates in wheat straw lignin are solely ester linked, as already advanced by other authors, 13 and as found in other grasses. 21, 26 Other signals in this region of the spectrum are from the unsaturated side chains of cinnamyl alcohol end-groups (I) and cinnamaldehyde end-groups (J). The total relative content of the cinnamaldehyde end-groups was estimated by comparison of the intensities of the C β −H β correlations in cinnamyl alcohols (I) and aldehydes (J).
Identification of a New Component in Wheat Lignin. We also report here on the successful structural elucidation of an initially puzzling component giving unusual correlation peaks in the aromatic regions of HSQC spectra, and provide the first evidence that a flavone is linked to lignin in wheat and, apparently, other grasses. Two strong and well-resolved signals from unknown structures, not previously reported in lignin, were readily observed at δ C /δ H 94.1/6.56 and 98.8/6.20 in the HSQC spectra, Figure 3 (bottom). Their appearance in the spectrum of the whole cell walls indicated that they did not arise from impurities or artifacts formed during the lignin isolation process, and their retention in the MWL suggested that they might belong to structures bound into the lignin network. Interestingly, these signals can also be observed in the published HSQC spectra of another lignin preparation from wheat straw, 14 although they were not assigned in that paper. Likewise, we have also noticed the occurrence of these two signals in the lignins from other grasses, such as elephant grass, and they have remained a mystery. Their prevalence in these wheat spectra made it imperative that we attempt to identify the component. Further valuable information about the nature of this structure was obtained by performing long-range 13 C− 1 H correlation (HMBC) experiments ( Figure 5 ). The correlation peaks between protons and carbons separated by 2−3 bonds observed in the HMBC spectrum clearly indicate that this moiety has a flavone-type structure. Flavones are a class of flavonoids that have the 2-phenylchromen-4-one backbone. There is a high diversity of flavones that arise from the different phenolic hydroxyl group substitutions and include compounds such as luteolin or apigenin. From the proton and carbon (including quaternary The signals appearing in the HSQC spectrum at δ C /δ H 94.1/ 6.56 and 98.8/6.20 ( Figure 3 ) thus correspond to the C 8 −H 8 and C 6 −H 6 correlations, respectively. The HSQC also shows the C 3 −H 3 correlation at δ C /δ H 104.5/7.04, near the S 2,6 signal. On the other hand, the phenyl moiety linked at C-2 is of syringyltype, the correlations for C 2′ -H 2′ and C 6′ -H 6′ being also observed Table 4 for signal assignments and Figure 4 for the main lignin structures identified. See Figure 5 for the structure and assignments of the signals of the tricin moiety (T). in the HSQC spectrum at δ C /δ H 103.9/7.31. Tricin has two phenolic hydroxyls at C-5 and C-7 of the chroman-4-one skeleton, with diagnostic phenolic proton chemical shifts that are readily apparent in the HMBC; DMSO is a solvent that limits proton transfer, 34 so the H-bonded C5-OH proton signal at 12.86 ppm and the C7-OH proton signal at 10.88 ppm are sharp in this solvent and therefore produce good correlations in longrange 13 C− 1 H correlation spectra. In addition, the absence of the signals for the phenolic 4′-OH of tricin in the HMBC proton indicates that it is not free. Therefore, incorporation of tricin into the lignin network through 4-O-β ether linkages, as occurs with the flavonolignans (see below), is indicated. In fact, a signal for the correlation of the tricin C4′ carbon (at 139.5 ppm) and a proton at the β-position of a G-unit at 4.28 ppm was clearly observed in the HMBC spectrum (see Supporting Information), providing evidence for this incorporation.
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Tricin is widely distributed in grasses, including wheat, rice, barley, sorghum, and maize, 52 and can occur in either free or conjugated form. Tricin can form flavonolignan derivatives with a tricin skeleton linked to a phenylpropanoid (p-hydroxyphenyl or guaiacyl) moiety through a β-O-4 bond, such as tricin 4′-O-β-guaiacylglycerol ether, among others. 50, 51 Flavones (as all other flavanoids/flavonoids) are metabolic hybrids as they are derived from a combination of the shikimate-derived phenylpropanoid and the acetate/malonate-derived polyketide pathways. Since polyphenols are formed in lignified regions by oxidative coupling, incorporation into the lignin structure is a possibility. In fact, other related benzene diols and triols, such as the flavanols epicatechin, epigallocatechin, or epigallocatechin gallate, although they are not known in actual plant cell walls, have been shown to produce lignin copolymers with normal monolignols. 53 The presence (or otherwise) in lignins of components from other pathways is of significant interest. It has never been demonstrated, for example, that lignans, dimers, and higher oligomers that also arise from radical coupling of monolignols, become incorporated into lignins.
9,54−56 Lignans are produced under proteinaceous control such that they are always (at least partially) optically active. 57 Lignins are completely racemic; 55 no components excised from lignins have ever been shown to be optically active, so the lignin polymer and the lignan "extractives" are assumed to be independently produced in time and space. For this reason, this observation along with the evidence presented here that a flavone, tricin, is integrally incorporated into lignin, if validated completely, is a new phenomenon with rather profound implications. It implies that the monomer is exported to the cell wall where it undergoes radical coupling reactions with monolignols, or at least with the primary monolignol coniferyl alcohol, and becomes part of the lignin polymer. The occurrence of tricin in the MWL of wheat straw seems to be evidence for this incorporation. At the very least, then, this observation will require further recognition of the malleability of lignification and perhaps another addition to the list of phenolics that must be considered to be "lignin monomers". 58 Quantitation. The relative abundances of the main lignin interunit linkages and end-groups, as well as the percentage of γ-acylation, the molar abundances of the different lignin units (H, G, and S), p-coumarates, and ferulates, and the molar S/G ratios of the lignin in wheat straw, estimated from volume integration of contours in the HSQC spectra, 24, 34, 35 are shown in Table 5 . Similarly as observed by Py-GC/MS, the abundance of ferulate is lower in the isolated MWL than in the corresponding whole cell wall, confirming that ferulate is mostly attached to polysaccharides, whereas p-coumarate is predominantly attached to lignin. In addition, the S/G ratio estimated from the HSQC (S/G 0.5) is similar to that estimated by analytical pyrolysis. The 
71.0/3.81 and 4.17 relative abundances of p-coumarate and H lignin units are probably more realistic than those provided by Py-GC/MS and Py-TMAH analyses, as Py-GC/MS does not distinguish between both types of structures, as already discussed, and Py-TMAH overestimates the esters, including p-coumarate residues, because of the production of a single vinyl-phenol from each with high pyrolytic efficiency. However, the end-groups, estimated as ∼10% of the total lignin linkages (with similar amounts of cinnamyl alcohols and aldehydes), are overestimated in HSQC spectra because of their longer relaxation than the bulk polymer (see Materials and Methods). The data indicated that the structure of the lignins is mostly made up of β-O-4′ linkages (accounting for 75% of all the interunit linkages), followed by phenylcoumarans (11%) and lower amounts of resinols, dibenzodioxocins, α,β-diaryl ethers, and spirodienones. These results sharply contrast with the data reported by Banoub et al. 15 that indicated that wheat straw lignin was made up almost exclusively of repeating phenylcoumaran units, an occurrence that would be novel indeed.
Resolving the Lignin Acylation Anomaly. The fact that the side chain of the lignin in wheat straw is partially acylated at the γ-OH, together with the presence of significant amounts of pcoumarate moieties (4% with respect to lignin), which are known to acylate the γ-OH of the lignin side chain in many plants, and particularly in grasses, 10, 21, 26, 31, 59 led other authors to conclude that p-coumarates also acylate the γ-OH in the lignin of wheat straw, 11 although no direct evidence of this linkage was provided. The HSQC spectrum only indicates that the lignin in wheat straw is partially acylated at the γ-position, but cannot provide information on the nature of the acyl group. Additional analyses are therefore needed to confirm whether p-coumarates (or other groups) acylate the γ-OH of the lignin side chain. For this purpose, we performed HMBC experiments, again correlating protons with carbons separated by 2 or 3 bonds, that can give important information about the connectivity of the ester moiety to the lignin skeleton.
26 Figure 6 shows the section of the HMBC spectrum of wheat straw MWL for the correlations of the carbonyl carbons of the different groups acylating the lignin γ-OH. Two distinct carbonyl carbons were observed in this region of the HMBC spectrum, at 166.0 ppm for p-coumarates and 169.8 ppm for acetates, Figure 6B . The correlations of the carbonyl carbon at 166.0 ppm with the α-and β-protons of pcoumarate esters (at 7.41 and 6.27 ppm) confirm that they belong to the p-coumarate esters. The correlations of this carbonyl carbon with several protons in the range 4.0−4.8 ppm conclusively demonstrate that p-coumarate is acylating the γ-position of the lignin side chains, as also occurs in other grasses, 10, 21, 26, 31, 59 although the intensity of these signals is low as the p-coumarate level is only 4% here (and HMBC spectra are not quantitative). In addition, the HBMC spectrum also showed the correlations of the carbonyl carbon at 169.8 for acetate groups attached to the lignin network. As expected, there was a strong correlation with the acetate methyl group at 1.88 ppm (not shown). The correlations of this carbonyl carbon with the protons in the range 3.6−4.4 ppm indicate that acetates are also acylating the γ-OH of the lignin side chain. As with p-coumarates, several correlations were also observed in this region suggesting, beyond the fact that there are two usually distinct γ-proton shifts, the involvement of both acetates and p-coumarates at the γ-positions of different lignin substructures. Acetates have also been previously found acylating the γ-OH in the lignins of many plants, including grasses. 21, 31, 39, 40, 60, 61 Further details regarding the lignin acylation in wheat, via p-coumarate and acetate, is provided by additional experiments below.
Derivatization Followed by Reductive Cleavage (DFRC and DFRC′) of Wheat Straw MWL. Additional information regarding the acylation of the γ-OH of the lignin side chain can be obtained from DFRC, a degradation method that cleaves α-and β-ether linkages in the lignin polymer leaving γ-esters intact. 36−38 The chromatogram of the DFRC degradation products of the MWL isolated from the wheat straw is shown in Figure 7 (top).
The lignin released the cis-and trans-isomers of p-hydroxyphenyl (cH and tH), guaiacyl (cG and tG), and syringyl (cS and tS) lignin monomers (as their acetylated derivatives) arising from normal, non-γ-p-coumaroylated β-ethers in lignin. Significant amounts of the monolignol p-coumarate conjugates were anticipated to be released, if p-coumarates acylate the γ-OH in the lignin, upon DFRC. However, and unexpectedly, only traces of γ-pcoumaroylated syringyl (cS pc and tS pc ) monomers could be detected in the chromatogram (∼1% of S units, as shown in Table 6 ), despite the decent amounts of p-coumarates (4% with respect to the total aromatic units) present in this lignin, and the fact that p-coumarates are acylating the γ-carbon, as observed by 2D-NMR. A chromatogram of the DFRC degradation products of the MWL isolated from elephant grass (Figure 7, bottom) , that releases significant amounts of sinapyl p-coumarate, is shown for comparison to emphasize the stark difference with wheat straw. We have to stress here that both the DFRC degradation and the GC−MS analysis were repeated several times with increasing amounts of sample for the DFRC degradation, and increasing product concentrations for the GC−MS analyses, and we always failed to detect higher amounts of the conjugate S pc . No traces of γ-p-coumaroylated guaiacyl (cG pc and tG pc ) lignin units could be found, despite this lignin's being enriched in G-units. This finding clearly indicates that, in wheat straw, p-coumarate groups are attached to the lignin γ-OH in β-ether structures only to a very low extent. As NMR indicated that some p-coumarates are indeed attached to the γ-OH, the only conclusion is that they are largely in other (i.e., non-β-ether) lignin substructures.
Acetate groups, on the other hand, also widely occur acylating the γ-OH in the lignin of many plants, including grasses, palms, and (at trace levels) most hardwoods, 31, 39, 40, 60 and their occurrence in the lignin of wheat straw was also clearly observed in the HMBC spectrum of the MWL, as noted above. The original DFRC degradation method, however, does not allow the analysis of natively acetylated lignin because the degradation products are acetylated during the procedure, but with appropriate modification of the protocol by substituting acetylating reagents with propionylating ones (in the so-called DFRC′ method) it is possible to obtain information about the occurrence of native acetates in lignin. 31, 39, 40 The chromatogram of the DFRC′ degradation products released from the wheat straw MWL is shown in Figure 8 . The lignin released the cis-and trans-isomers of p-hydroxyphenyl (cH and tH), guaiacyl (cG and tG), and syringyl (cS and tS) lignin monomers (as their propionylated derivatives) arising from normal, nonacetylated γ-units in lignin. Interestingly, the presence of γ-acetylated guaiacyl (cG ac and tG ac ) and syringyl (tS ac ) lignin units could also be clearly observed in the chromatogram, and confirms the occurrence of native acetylation at the γ-carbon of the lignin side chain of wheat straw. The results from the DFRC and DFRC′ analyses of the MWL selected for this study, namely, the molar yields of the released monomers, the percentages of naturally acetylated guaiacyl (%G ac ) and syringyl (%S ac ) lignin moieties, and the S/G ratio, are presented in Table 6 . The analyses indicated that up to 12% of the Figure 7 . Chromatograms (GC-TIC) of the DFRC degradation products from the MWL isolated from wheat straw (a), and the MWL isolated from elephant grass cortex (b), that is shown here only for comparison. cG, tG, cS, and tS are the normal cis-and trans-coniferyl and -sinapyl alcohol (guaiacyl and syringyl) monomers (as their acetate derivatives). Note the absence of cis-and trans-coniferyl and -sinapyl pcoumarates (cG pc and tG pc , and cS pc and tS pc ) in the MWL from wheat straw, and which are present in elephant grass. however, a preferential γ-acetylation of G-lignin units has been observed in other grasses, such as bamboo and elephant grass. 21, 40 Previous papers describing the structure of the lignin in wheat straw failed to detect the important levels of acetate groups acylating the lignin γ-OH; the acylation was previously attributed exclusively to p-coumarates. It is now clear that, in the lignin of wheat straw, the nature and extent of γ-acylation (∼10% as observed in the HSQC) is mostly due to acetates, at least those in β-ether units (that are quantifiable by DFRC or DFRC′). As the mechanism for lignin γ-acylation involves coupling and crosscoupling reactions of previously acylated monolignols, 61 it is evident that, in the lignin of wheat straw, the most important monolignol conjugate would be coniferyl acetate.
With respect to p-coumarates, if they are attached to the γ-carbon on the lignin in wheat straw, as suggested by 2D-NMR, the question is why are they not better represented on β-ether units in lignins? To these authors, it seems that the only reasonable hypothesis is that wheat differs from corn and other grasses in two respects. First, the acylation is largely on guaiacyl units and therefore derives from acylated coniferyl alcohol conjugates. We already see this evidence for the acetylated monolignols, where coniferyl acetate is significantly favored over sinapyl acetate, as evidenced by the DFRC′ data (Table 6) . Second, one has to contend, and it is a possible consequence of the coniferyl alcohol (vs sinapyl alcohol) acylation, that these conjugates are present early during lignification. It has been nicely established, by autoradiographic methods, 62 that sinapyl alcohol incorporation into cell walls occurs later during wall development. It is therefore reasonable that sinapyl p-coumarate, the major monolignol p-coumarate conjugate in corn, for example, would also enter the wall later during development. There have been no studies on the temporal aspects of monolignol conjugates in lignification, but if coniferyl pcoumarate was sent to the wall early during lignification, it would be more heavily involved in monolignol (conjugate) dimerization events (rather than chain extension), events that produce only low levels of β-ether coupling. Thus, the pcoumarate would be involved preferentially in β−β-and β−5-coupled products, and also in cinnamyl alcohol end-groups, which do not show up in DFRC but in which the γ-C/H correlations in HSQC spectra remain typical of those from acylated γ-OHs. This kind of coupling would also be more favored in the so-called bulk vs endwise coupling mode, and, as noted above, there is evidence in the spectra of lignins from wheat here that such bulk coupling is occurring. As noted above, the α,β-diaryl ethers (E) found in the wheat lignin ( Figure 3 , top right) are common in synthetic lignins but are rarely seen in natural lignins where the conditions of slow diffusion of monomers (and radicals) are more conducive toward endwise coupling. The currently best hypothesis, then, is that coniferyl pcoumarate (rather than sinapyl p-coumarate) is the major pcoumarate conjugate destined for wheat lignification (just as coniferyl acetate is) and that its export to the wall is early during development such that condensed structures rather than β-ethers (that can be quantified via ether-cleaving reactions such as those in the DFRC method) are acylated by p-coumarate. Establishing the validity of this hypothesis is therefore nontrivial and multifaceted, but will hopefully be the subject of further investigations along with a more careful evaluation, as outlined here, of the exact nature and distribution of lignin acylation in a variety of plant materials.
In conclusion, the lignin from wheat straw has been characterized by different analytical methods that indicated that it is an H:G:S lignin, with a strong predominance of G-lignin units (S/G 0.5), and with some amounts of associated pcoumarates and ferulates. Our data indicated that in wheat straw ferulates are mostly attached to carbohydrates (although radical coupling into lignins is complex and difficult to detect), while pcoumarates are predominantly attached to the lignin. 2D-NMR indicated that the main lignin interunit linkages are β-O-4′ alkylaryl ethers, followed by phenylcoumarans and minor amounts of resinols, spirodienones, dibenzodioxocins, and α,β-diaryl ethers, together with cinnamyl alcohol and cinnamaldehyde end-groups. 2D-NMR also indicated that the lignin of wheat straw is partially acylated (∼10% of all side chains), and exclusively at the γ-carbon of the side chain, with acetates and p-coumarates. DFRC analyses indicated that acetates preferentially acylate the γ-OH in guaiacyl (12%) rather than in syringyl units (1%), as has also been found to occur in other grasses and in contrast to what occurs in dicots. On the other hand, and despite p-coumarates' having been found acylating the γ-OH, they were barely detectable as the monolignol conjugates after selectively cleaving β-ethers in lignin in the DFRC method, which seems to indicate that pcoumarates must be preferentially involved in structures other than β-ethers. Finally, we present the first evidence that the flavone tricin was found in wheat lignin, etherified by a G-type unit. If it is ultimately shown to have incorporated, in the cell wall, into the lignin by the radical coupling reactions that typify lignification (as it appears), the definition of lignin, and what constitutes a lignin monomer, will need further refinement. Chromatogram (GC-TIC) of the DFRC′ degradation products from the MWL isolated from wheat straw. cG, tG, cS, and tS are the normal cis-and trans-coniferyl and sinapyl alcohol (guaiacyl and syringyl) monomers (as their dipropionylated derivatives). cG ac , tG ac , cS ac , and tS ac are the natively γ-acetylated cis-and trans-coniferyl and -sinapyl alcohol (guaiacyl and syringyl) monomers (as their phenolpropionylated derivatives).
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